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1 Introduction 
Several medical conditions that horses and ponies commonly suffer from are associated with 
inflammation, either generalized or in specific tissue such as the liver. Inflammation is hereby 
closely connected to stress of the endoplasmic reticulum (ER) and oxidative stress. As a result, 
the so called “unfolded protein response” (UPR) leads to an adaptive stress response. Among 
other key factors the subsequent signalling cascade is exerted by nuclear factor κB (NF-κB). 
NF-κB is activated by inflammatory cytokines but also functions as a multiplier in the 
production of inflammatory genes. Regarding productive livestock, low-grade inflammation 
and cell stress might also be detrimental to growth performance and productivity. Polyphenols 
might be helpful in limiting the negative effects that can result from the body’s natural defence 
systems in response to inflammatory stimuli or stress inducers. Therefore, plant polyphenols 
and their natural anti-inflammatory and antioxidant properties have recently been in the focus 
of many studies. Tea catechins (GAUR and AGNIHOTRI 2014) and curcumin (DULBECCO 
and SAVARINO 2013) were able to exert anti-inflammatory properties in vitro (BISWAS et 
al. 2005, JOBIN et al. 1999), and in vivo in animal species such as cattle (WINKLER et al. 
2015) and pigs (GESSNER et al. 2013). By interfering with the signalling cascade, polyphenols 
can reduce the production of inflammatory cytokines such as interleukin-1β (IL-1β) and tumour 
necrosis factor-α (TNF-α) (GAUR and AGNIHOTRI 2014, JURENKA 2009). WINKLER et 
al. (2015) used a supplement based on polyphenols from green tea and curcuma that improved 
performance parameters, such as an increased milk yield, but also reduced the expression of ER 
stress markers, namely fibroblast growth factor 21 (FGF21). To this date the literature does not 
provide data on the anti-inflammatory and antioxidative properties of a green tea and curcuma 
extract (GCE). Therefore, this feeding trial aimed to investigate the potential of a polyphenol-
rich diet (20% polyphenol content in GCE) to reduce inflammation and cell stress in horses and 
ponies. Selected markers of inflammation were analysed in blood and liver tissue after an 
inflammatory stimulus with or without a prior supplementation of GCE. It was hypothesized, 
that a diet rich in polyphenols had the potential to mitigate inflammation, ER stress and 
oxidative stress in horses and ponies by using a standardized inflammatory model. 
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2 Literature review 
2.1 Inflammation 
Inflammation is a complex response of the immune system to various stimuli to restrict the 
impact of the harmful stimulus and restore tissue homeostasis. Inflammation can arise as an 
acute or chronic process. Local inflammation can progress into systemic inflammation. 
Inflammation can be caused by multiple stimuli, e.g. tissue injuries, infectious or non-infectious 
stimuli (CHAUDHARI et al. 2014, ZUGHAIER et al. 2014). Since horses are among mammal 
species which are very susceptible to bacterial endotoxins (OPAL and YU 1998), the 
application of lipopolysaccharides (LPS) provides a well-established inflammatory model to 
induce a low grade inflammation (TADROS and FRANK 2012, VINTHER et al. 2015). Local 
immune cells, such as macrophages and circulating leukocytes are able to detect an external 
pathogen or a damaged host cell. The subsequent release of cytokines supports leukocyte 
movement into the affected tissue (NEWTON and DIXIT 2012). With the expression of 
inflammatory mediators, these immune cells regulate both pro- and anti-inflammatory 
pathways (LAWRENCE 2009). Inflammation results in an increase in the plasma concentration 
of various proteins. Some of these proteins are released early in the development of 
inflammation and are termed acute phase proteins (BORGES et al. 2007). 
Inflammation is closely linked with the occurrence of stress of the endoplasmic reticulum (ER) 
as well as oxidative stress. ER stress can induce inflammation. This process mainly strives to 
restore tissue function and limit tissue damage (CHAUDHARI et al. 2014). As an example, 
obesity in equine animals might be associated with hepatic ER stress (MARYCZ et al. 2018).  
2.1.1 Acute phase reaction 
The acute phase reaction (APR) is a response to tissue damage after various infectious and non-
infectious stimuli. This process is part of an early reaction of the innate immune system and 
vital for protection against damage from and elimination of the noxious agent as well as 
restoring tissue homeostasis. After recovery, the APR diminishes but can also be prolonged in 
cases of chronic diseases (KUSHNER 1993). Cytokines function as messengers between the 
injured or affected tissue and hepatocytes, which are producing numerous liver-derived 
proteins, the so-called acute phase proteins (APPs). Therefore, the production of pro-
inflammatory cytokines, such as interleukin-6 (IL), IL-1β and tumor necrosis factor α (TNF-α), 
initiates the APR and the subsequent release of the APPs. The APPs seem to have in turn 
inhibiting effects on the release of the cytokines. JACOBSEN (2007) referred to APPs as non-
specific inflammatory markers in horses since the release of APPs from the affected tissue does 
not reveal the cause of damage but is well suited to detect unspecific inflammatory conditions. 
APPs show either an increase (positive APPs) or decrease (negative APPs) of serum levels 
during inflammation dependent on changes in their production in hepatic tissue (GABAY and 
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KUSHNER 1999). In horses, serum amyloid A (SAA), haptoglobin (Hp) and C-reactive protein 
(CRP) are referred to as positive APPs with an increase in blood levels, whereas levels of 
retinol-binding protein-4 (RBP4) as negative APPs typically diminish during the course of an 
APR. Positive APPs are further subdivided into 3 categories, modest, major and minor positive 
APPs, as their blood concentrations differ substantially. Another categorisation has been 
described by PETERSEN et al. (2004) according to the inducing cytokines: Type 1 APPs are 
stimulated by IL-1 and TNF-α, whereas type 2 APPs are stimulated by IL-6. 
SAA, Hp and CRP are the major APPs and most important in the equine as they increase under 
various inflammatory conditions caused by infectious and non-infectious agents (HULTÉN et 
al. 2002, LAVOIE-LAMOUREUX et al. 2012). The methodologies for SAA, Hp and CRP 
isolation and evaluation are well-described and validated and, therefore, frequently used in 
equine clinical cases or postoperative monitoring (HULTÉN et al. 1997, JACOBSEN et al. 
2005, TAIRA et al. 1992, TAKIGUCHI et al. 1990). SAA and CRP as part of the group of early 
and rapidly reacting APPs are commonly used for detecting acute inflammation (PETERSEN 
et al. 2004). A study by LAVOIE-LAMOUREUX et al. (2012) reported serum Hp as a reliable 
marker of acute and chronic systemic inflammation in horses.  
2.1.1.1 Serum amyloid A 
Equine SAA was isolated by HUSEBEKK et al. (1986) and further evaluated by PEPYS et al. 
(1989) by electro-immunoassay. SAA is a positive and major APP in the equine which is 
released from hepatocytes due to cytokine stimulation. There are several different isoforms of 
SAA, three of them are found in horses (HULTÉN et al. 1997). According to a review by 
PETERSEN et al. (2004), SAA shows an inflammatory-based increase in APP not only in 
horses but also in man, swine, cattle, dogs, cats, mouse and rabbits. Concentrations of SAA are 
low in healthy horses (< 20 mg/L) (JACOBSEN and ANDERSEN 2007). An increase is mainly 
induced by IL-1 type cytokines which dramatically increase their rate of production to more 
than 1000-fold higher concentrations under inflammatory conditions compared to baseline 
conditions (HULTÉN et al. 1999, JACOBSEN and ANDERSEN 2007). In horses, blood levels 
of SAA increase due to unspecific inflammatory stimuli both under local and general 
inflammation. HALTMAYER et al. (2017) described elevated SAA levels in horses with 
injuries penetrating synovial structures whereas LAVOIE-LAMOUREUX et al. (2012) found 
elevated levels of SAA under heave-associated acute systemic inflammation. JACOBSEN et 
al. (2005) described SAA as a reliable parameter to verify the clinical monitoring of horses. 
Furthermore, blood levels of SAA show a rapid normalisation after treatment or recovery 
(HALTMAYER et al. 2017) and blood SAA levels are therefore described as a very sensitive 
inflammatory marker in equines. 
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2.1.1.2 Haptoglobin 
Hp is one of the major APPs in the equine and primarily known for its ability to form stable 
complexes with haemoglobin. Hp is also able to build a complex with free iron which limits its 
availability to bacteria, who profoundly rely on the availability of free iron for their growth 
(PETERSEN et al. 2004). Hp is primarily released from hepatocytes (WANG et al. 2001) by 
IL-6 type cytokine stimulation (PETERSEN et al. 2004). This was shown in rat hepatocytes, 
where acute inflammation led to release of Hp (WANG et al. 2001). In comparison to early 
reacting APPs such as SAA, Hp shows a delayed response in blood, but serum levels can stay 
elevated for several weeks (PETERSEN et al. 2004, TAIRA et al. 1992). Reference range for 
healthy adult horses was described around 0.42-1.7 g/L by WILLETT and BLACKMORE 
(1979). TAIRA et al. (1992) found the Hp levels in blood of clinically healthy horses to be 
within the reference range, but levels were exceeded in mares before and shortly after 
parturition and in healthy foals. HULTÉN et al. (2002) found signs of systemic inflammation 
in horses with non-infectious arthritis when APPs, such as Hp were elevated significantly 
compared to baseline. Similar results were found by LAVOIE-LAMOUREUX et al. (2012) 
when serum Hp as a marker of systemic acute and chronic inflammation was elevated in heaves-
affected horses. Under systemic inflammation, peak values of serum Hp exceeded the reference 
ranges up to 1.14 times, 72 hours after inflammatory stimulus (HULTÉN et al. 2002). In 
comparison, peak serum concentrations were up to 9 times higher than the baseline between 48 
– 120 hours after experimentally induced inflammation (TAIRA et al. 1992). 
2.1.1.3 Retinol-binding protein 4 
Retinol-binding protein (RBP) is mainly produced in the endoplasmic reticulum, Golgi 
complex and secretory vesicles in parenchymal hepatic cells and function as a specific plasma 
retinol transporter (SUHARA et al. 1990, ZABETIAN-TARGHI et al. 2015). Besides its carrier 
function, RBP4 plays a role in the induction of oxidative stress and inflammation. In human 
and mouse macrophages, RBP4 significantly enhanced the production of pro-inflammatory 
cytokines, e.g. TNF-α and IL-6. The nuclear factor-κB (NF-κB) pathway, which plays a pivotal 
role in the cytokine production in macrophages, was affected by RBP4 (NORSEEN et al. 2012). 
FARJO et al. (2012) confirmed the occurrence of RBP4-dependent oxidative stress and vascular 
inflammation in vitro, likewise through activation of NF-κB. RBP4 was recently identified as 
an adipokine that is suggested to link obesity with its comorbidities such as insulin resistance 
and diabetes in humans (KOTNIK et al. 2011). In cattle, RBP4 was also described as an 
adipokine and showed a higher abundance in subcutaneous fat (LIU et al. 2019). Although 
BANSE et al. (2015) associated equine obesity with oxidative stress, the potential link between 
these conditions has not been fully elucidated yet. 
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2.1.2 Transcription factor NF-κB 
In mammalian cells, the transcription factor NF-κB mainly consists of the heterodimer RelA 
(p65) and NF-κB1 (p50) subunits (JOBIN et al. 1999, SIEBENLIST et al. 1994). Activation of 
NF-κB in inflammatory cells (see Figure 1) is tightly regulated by the binding or removal of 
subunit IκB (BAEUERLE 1991). The inactive complex of NF-κB and IκB divides after 
phosphorylation and degradation of IκB through cytokine stimulation and IκBα kinase activity. 
NF-κB then translocates from the cytoplasm to the nucleus and activates the expression of a 
wide variety of genes that are encoding pro-inflammatory proteins such as cytokines, 
chemokines, adhesion molecules or enzymes involved in the inflammatory process 
(GONZALES and ORLANDO 2008, TAM et al. 2012). The activation of NF-κB has been 
connected to two different cytokine-stimulated pathways, that are induced either by typical pro-
inflammatory cytokines, such as IL-1 and TNF-α in response to microbial products, or by other 
TNF-family cytokines. NF-κB regulates the expression of several pro-inflammatory target 
genes, such as those for TNF-α, IL-6, IL-1β, but also for Hp and SAA (CHAUDHARI et al. 
2014, GESSNER et al. 2013). In contrast, NF-kB is discussed to have additional anti-
inflammatory abilities by directly inhibiting expression of pro-inflammatory genes. It also 
regulates the expression or activity of anti-inflammatory cytokines such as IL-10 (LAWRENCE 
2009, NEWTON and DIXIT 2012). 
The translocation of NF-κB into the nucleus was previously shown to be induced in murine 
macrophages by LPS treatment (GONZALES and ORLANDO 2008). To fully activate NF-κB 
in vitro (see Figure 1), a contribution from three different stress-induced components, namely 
PKR-like ER kinase (PERK), inositol requiring enzyme 1 (IRE1) and IκBα Kinase (IKK) is 
necessary (TAM et al. 2012).  
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Figure 1: Schematic flow chart showing the inflammation cascade, stress signalling and 
interaction with polyphenols (PPs). 
2.1.2.1 Pro-inflammatory cytokines (Il-1β, IL-6, TNF-α) 
Cytokines regulate the hosts response to harmful impacts into two main directions. They can 
either promote healing processes as anti-inflammatory cytokines or enhance the body’s 
inflammatory condition and are therefore called pro-inflammatory cytokines. The host’s 
reaction to pro-inflammatory cytokines usually includes inflammation itself, fever and tissue 
damage. During inflammation, the typical pro-inflammatory effectors TNF-α, IL-6 and IL-1β 
have different mechanisms of action. They can initiate signalling pathways following an 
inflammatory stimulus, including the downstream of transcription factors, e.g. NF-κB, or 
function as effectors in the signalling cascade as target genes of NF-κB. As an example, early 
release of TNF-α by invading macrophages activates the translocation of NF-κB from the 
cytosol to the nucleus and is therefore mainly involved in the initiation of expression of IL-6 
and IL-1β in adipose tissue (BAEUERLE 1991, GONZALES and ORLANDO 2008). After 
stimulation, the blood concentration of TNF-α, IL-6 and IL-1β starts to increase for a few hours 
before being cleared from the blood stream (PETERSEN et al. 2004). Some studies suggested 
a grouping of pro-inflammatory cytokines according to the induction of acute phase proteins: 
IL-1 type cytokines (including IL-1 and TNF-α) and IL-6 type cytokines (PETERSEN et al. 
2004). The induction of pro-inflammatory cytokines by endotoxin stimulation has been 
Literature review 
 
7 
 
explored in several studies. TNF is reported to be the first cytokine that is released by monocytes 
and macrophages after endotoxin stimulation, followed by the production of other cytokines 
including IL-1, IL-6 and IL-8 (SALGADO et al. 1994). Specifically blood levels of TNF-α 
were significantly higher when treating isolated peritoneal macrophages with LPS (HELLER 
et al. 2000). In equine neutrophils, LPS-treated cells showed an elevated in vitro production of 
mRNA levels for TNF-α, Il-1β, IL-6 and IL-8 (JOUBERT et al. 2001). Pro-inflammatory 
cytokines are also involved in the development of ER stress in different tissues. ZHANG et al. 
(2006) experimentally induced hepatic ER stress by cytokine stimulation in vitro, whereas 
BEUKES et al. (2019) triggered IL-1β-induced ER stress in isolated β-cells after several hours 
of stimulation. 
2.1.3 Macrophages 
In general, macrophages represent one major cell type of the innate immune system which 
develop from their monocyte precursors. They trigger a fast response to pathogens, including 
LPS, by releasing TNF-α which induces the following production of other inflammatory 
mediators, such as ILs and interferons (HAMIDZADEH et al. 2017, JU and TACKE 2016). 
Resident liver macrophages, called Kupffer cells (KC), represent 80-90% of all tissue 
macrophages which maintain liver homeostasis under physiological conditions and play a role 
in the pathogenesis of liver injury. They are usually the first cells in the body to get in contact 
with pathogens absorbed from the gastrointestinal tract (ISHIBASHI et al. 2009, JU and 
TACKE 2016). KCs are activated by tissue injury or the phagocytosis of pathogens. They 
release cytokines, e.g. IL-1, TNF-α and reactive oxygen species (ROS) to promote the rapid 
invasion of monocytes as precursors of macrophages, to enter from the bloodstream into the 
affected liver tissue. The monocytes develop into repairing macrophages to maintain proper 
wound healing (DAL-SECCO et al. 2015, IKARASHI et al. 2013, TACKE 2012). However, 
this process can also lead to tissue injury when invading macrophages promote pro-
inflammatory pathways and the activation of hepatic stellate cells (HSC). The HSCs 
subsequently promote the development of liver fibrosis (IMAMURA et al. 2005, KARLMARK 
et al. 2009). In monocyte-derived macrophages and KCs, the inflammatory signalling is exerted 
by activation of NF-κB (FOX et al. 1997, FRANKENBERGER et al. 1994) and was inhibited 
in vitro by catechins in a study by LIN and LIN (1997). 
2.1.3.1 Cluster of differentiation 68 
Cluster of differentiation 68 (CD68) plays a role as a lysosomal glycoprotein and can be 
detected by a monoclonal CD68 antibody as a universal marker for the monocytes and 
macrophage lineage (PULFORD et al. 1989). According to BALDUS et al. (1998), analysis of 
CD68 is a sensitive method to specify the amount of KCs since an increased number of CD68+ 
macrophages was found in hepatic tissue under moderate and severe inflammation. CAI et al. 
(2005) proposed CD68 to be a marker for the activation of resident KCs.  
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2.2 Stress of the endoplasmic reticulum 
Under conditions of ER stress, the physiological balance between folded and unfolded or 
misfolded proteins is disturbed (see Figure 1). As a consequence, the accumulation of un- or 
misfolded proteins in the ER lumen leads to the disturbance of ER homeostasis. Subsequently, 
an adaptive response known as the unfolded protein response (UPR) is triggered 
(HOTAMISLIGIL 2010, KOZUTSUMI et al. 1988, ZHANG and KAUFMAN 2008). Key 
mediators, such as NF-κB play an important role in the pathway of ER stress and the induction 
of a pro-inflammatory response (HOTAMISLIGIL 2010). If balance in the ER lumen is not 
restored within a narrow time frame or ER stress-induced damage is high, a programmed cell 
apoptosis is elicited (EGGER et al. 2007). In case of protein folding malfunctions, protein 
kinases, namely PERK and IRE1, function as ER stress transducers. The inactive forms of 
PERK and IRE1 form a stable inactive complex with a chaperone, namely Binding 
immunoglobulin protein (BiP), which dissociates from the protein kinases and induces 
activation when the ER homeostasis is disturbed (BERTOLOTTI et al. 2000). Under ER stress, 
the protein biosynthesis is inhibited to lower the protein load in the ER by phosphorylation of 
the α subunit of eukaryotic translation initiation factor 2 (eIF2α) (HARDING et al. 1999, RON 
2002). In vitro, TAM et al. (2012) showed that full NF-κB activation additionally relies on IKK 
that degrades and deactivates NF-κB inhibitor IκBα.  
In mice, ER stress was induced by a high fat diet and reduced thereafter by oral supplementation 
of pomegranate and green tea extracts as reported by RODRIGUEZ et al. (2015). ER stress in 
dairy cows was suggested to be initiated by the inflammatory-like condition that productive 
livestock commonly suffers from. As an example, GESSNER et al. (2014) described levels of 
pro-inflammatory parameters and some genes in the downstream of the ER stress pathway to 
be elevated in the liver of cows in the postpartum period. 
2.2.1 Fibroblast growth factor 21 
Fibroblast growth factor 21 (FGF21) is an endocrine hormone and plays an important role as 
metabolic regulator in hepatic lipid homeostasis, ketogenesis and lipolysis in adipose tissue 
(BADMAN et al. 2007, INAGAKI et al. 2007). In animal species, FGF21 was first isolated 
from mouse embryos. Levels of FGF21 mRNA were found to be abundant mainly in liver tissue 
but also marginally in thymus. Upregulation of FGF21 has also been postulated as a sensitive 
marker of ER stress, when experimentally induced ER stress lead to increased levels of FGF21 
in hepatocytes in vitro and in vivo (SCHAAP et al. 2013). KIM et al. (2015) suggested FGF21 
to limit the negative impacts of ER stress on hepatic tissue and is therefore an important part of 
the body’s adaptive responses to ER stress. In several studies, the activation of FGF21 under 
ER stress was suggested to be dependent on the PERK-eIF2α-Activating transcription factor 4 
(ATF) (KIM et al. 2015, SCHAAP et al. 2013, WAN et al. 2014) and the IRE1α-X-box binding 
protein 1 (XBP) pathways (JIANG et al. 2014) directly linking it with the UPR. 
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2.2.2 Activating transcription factor 4 
ATF4 acts as a transcriptional effector in the UPR cascade in response to various environmental 
and physiological stressors. HARDING et al. (2003) suggested ATF4 activation to be 
dependent on PERK, one of the three main stress inducers, and the subsequent phosphorylation 
of eIF2α. The expression of ATF4 and upregulation of its target genes is part of the 
physiological adaptation and development of resistance to oxidative stress. Amongst other 
genes, the downstream of ATF4 induces the production of FGF21 (KIM et al. 2015, SCHAAP 
et al. 2013, WAN et al. 2014). 
2.3 Oxidative stress 
Oxidative stress is defined as an imbalance between antioxidant defences and the production of 
ROS. ROS can be present as radical and non-radical molecules, containing either oxygen, 
nitrogen or chlorine. The balance between oxidants and antioxidants is vital for the proper 
physiological function of our organism. The failure of antioxidant defences due to an excessive 
load of ROS and radicals or a limited availability of antioxidants can lead to oxidative stress 
(GESSNER et al. 2017b, TSAO 2010). The human and animal body generate ROS and free 
radicals under several physiochemical or pathological conditions. Free radicals are unstable and 
highly reactive with their targets, such as carbohydrates, lipids, proteins and the DNA. This can 
lead to significant damage in cells but also to changes in the body’s homeostasis, eventually 
resulting in numerous diseases in humans and animals. Oxidative stress is not only directly 
linked with inflammation via activation of the NF-κB pathway, but is also known to initiate ER 
stress (GESSNER et al. 2017b, RINGSEIS et al. 2015).  
When the abilities to regulate free radicals is exceeded, an external source of antioxidants can 
be helpful in coping with the effects of oxidative stress. Antioxidative capacities of plant-
derived nutraceuticals seem to be a promising approach. RODRIGUEZ et al. (2015) suggested 
green tea and pomegranate extracts to have protective effects against oxidative stress and ER 
stress. Polyphenols as antioxidants can improve the function of other antioxidants, such as 
vitamins (FRANK et al. 2006, TSAO 2010). 
2.4 Polyphenols 
Polyphenols represent a highly diverse group of natural substances with a phenolic structure. 
They are divided into three subcategories: flavonoids, phenolic acids and polyphenolic amides. 
Flavonoids can be further subdivided into anthocyanins, flavan-3-ols, flavones, flavanones and 
flavonols, depending on their hydroxylation pattern. Currently, 4000 flavonoids were identified 
among more than 8000 phenolic structures (TSAO 2010). The polyphenols derived from green 
tea are commonly referred to as catechins and belong to the group of flavanols or flavan-3-ols. 
Instead, curcumin does not belong to one of the above mentioned groups and remains in the 
group of other non-flavonoid polyphenols (TSAO 2010). Polyphenols occur mainly in plant-
derived food components of which most are used for human consumption, e.g. fruits, 
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vegetables, chocolate, wine, coffee, black and green tea (D'ARCHIVIO et al. 2007). Therefore, 
some studies examined the bioavailability of different polyphenols derived from tea products 
in humans (CHOW et al. 2001, LEE et al. 2002) and rodents (DONOVAN et al. 2002, KIM et 
al. 2000) where they showed a protective role in cardiovascular diseases, cancer, osteoporosis, 
diabetes mellitus and neurodegenerative disease (D'ARCHIVIO et al. 2007). Protective effects 
on inflammation, ER stress and oxidative stress were shown in rodents (AMÁLIA et al. 2007, 
RODRIGUEZ et al. 2015) and small animals, such as obese cats (LERAY et al. 2011). Since 
some by-products of food production, such as grape seeds, grape marc meal and hop are 
naturally rich in polyphenols, they gained a lot of interest as promising feeding ingredients in 
animal nutrition, especially in livestock (GESSNER et al. 2013, GESSNER et al. 2017a). As 
plant extracts, polyphenols could be used even more frequently in enriched concentrations in 
feedstuffs. Anti-inflammatory and antioxidative effects of polyphenols are discussed to 
minimize metabolic stress and chronic inflammation that animals such as cattle and pigs usually 
suffer from due to the demands of high performance (GESSNER et al. 2013, WINKLER et al. 
2015). In productive livestock, the reduction of ER stress and inflammation could be helpful in 
coping with liver-associated diseases (GESSNER et al. 2017c) and improve performance 
parameters (GESSNER et al. 2013, GESSNER et al. 2015). However, the number of studies 
performed in animals other than rodents are still limited. 
2.4.1 Green tea 
The plant leaves of Camellia sinensis are used for preparing green tea, a beverage that is widely 
used for its health benefits (KOO and CHO 2004), as it provides one of the best sources for 
polyphenols (GAUR and AGNIHOTRI 2014). To avoid the natural oxidation of green tea 
polyphenols, the fresh tea leaves are dried after harvesting to inactivate the polyphenol oxidase. 
Therefore, green tea is a non-fermented form of tea and contains a higher amount of catechins, 
the active polyphenols of green tea, compared to fermented tea products, such as black tea 
(KOO and CHO 2004, LIN et al. 2003). The leaves of Camellia sinensis contain a variety of 
different polyphenols, the catechins, which belong to the group of flavonoids (LIPIŃSKI et al. 
2017). The predominant fraction of catechins is epigallocatechin gallate (EGCG), with more 
than 50% of the polyphenols present. Other major fractions were found to be epigallocatechin 
(EGC), epicatechin gallate (ECG) and epicatechin (EC) (AHMAD et al. 2014, CABRERA et 
al. 2006). The levels of catechins in leaves were found to differ regarding cultivating age, their 
growth and different cultivating locations. Generally higher levels are present in uncultivated 
tea leaves in comparison to commercially cultivated products as well as in old plants compared 
to young ones (LIN et al. 2003). Additionally, the study of LIN et al. (2003) examined different 
methods of extraction and found great differences in the efficacy of different solvents. They 
used 75% ethanol to yield higher catechin levels compared to extraction with boiling water. 
AHMAD et al. (2014) found similar results by obtaining the highest catechin levels of 17.4% 
from dry matter (DM) by using ethanol. 
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Amongst high amounts of polyphenols, green tea leaves contain other components such as 
proteins, enzymes, carbohydrates, lipids, sterols, vitamins, caffeine, theophylline, pigments, 
volatile compounds, minerals and trace elements (CABRERA et al. 2006). Catechins such as 
EGCG, EGC and EC are mainly excreted in different amounts through bile and urine (CHEN 
et al. 1997). 
2.4.2 Curcuma 
The rhizome of the plant Curcuma longa is commonly used as a spice that is called turmeric. 
Turmeric contains three groups of curcuminoids: curcumin (~75%), demethoxycurcumin 
(~16%) and bisdemethoxycurcumin (~8%) (DULBECCO and SAVARINO 2013, JURENKA 
2009). All curcuminoids show a similar molecular structure on the basis of phenylalanine and 
cinnamic acid as well as malonic acid. Due to a transforming pathway, bisdemethoxycurcumin 
is converted into demethoxycurcumin, terminating in the formation of curcumin (KITA et al. 
2008). The polyphenol curcumin is the main component of turmeric and responsible for its 
typical bright yellow colour. Other non-phenolic components in turmeric are sugars, proteins, 
resins and volatile oils (DULBECCO and SAVARINO 2013, JURENKA 2009). Different 
extraction methods, e.g. solvent extraction or column chromatography, are being used to 
separate curcumin from turmeric. Ethanol was reported to be the most effective organic solvent 
for curcumin extraction (PRIYADARSINI 2014).  
2.4.3 Bioavailability 
The bioavailability of a substance is defined as the amount that can be used for physiological 
functions and storage. The amount of absorbed substances is dependent on numerous processes, 
such as the separation of polyphenols from the other food components, biochemical changes 
during digestion, microbial modulations and excretion (BOHN 2014, FROLINGER et al. 
2019). In humans, the oral bioavailability of polyphenols was examined by CHOW et al. (2001) 
and LEE et al. (2002) who found differences in the plasma levels comparing different catechins 
and their presence as free or conjugated substances. Detectable amounts of curcumin 
accumulated mainly in the intestines, colon and liver in humans and rodents and were found in 
small amounts in the kidney and brain (DULBECCO and SAVARINO 2013, SURESH and 
SRINIVASAN 2010). The highest concentrations in blood were found 6 h after oral 
administration and in the intestines after 1 h. The bioavailability of curcumin was reported to 
be improved by other substances, such as piperine, a component derived from black pepper, 
phospholipids, cellulosic derivates and natural antioxidants (DULBECCO and SAVARINO 
2013, JÄGER et al. 2014, SURESH and SRINIVASAN 2010). SURESH and SRINIVASAN 
(2010) found more than 60% of curcumin absorbed after oral consumption. 
On the other hand, there are several reviews that describe the generally poor bioavailability and 
rapid excretion of polyphenols under in vivo conditions in humans (AMMON and WAHL 1991, 
DULBECCO and SAVARINO 2013, SCHEEPENS et al. 2010). NAKAGAWA et al. (1997) 
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found only 0.2-2.0% of epigallogatechin-3-gallate to be available in human plasma after 
administering oral doses of tea catechins. KIM et al. (2000) demonstrated that green tea 
catechins could be detected in intestinal and bladder cells in rats. However, liver tissue was not 
significantly affected by tea catechins in the same study. ZHU et al. (2000) found differences 
in the bioavailability of catechins by comparing different ways of administration. 
Approximately 100 times higher oral doses were needed to reach comparable plasma levels 
when compared to intravenous application in rats. Maximum plasma concentrations of green 
tea catechins were reportedly achieved 2 hours after oral application in the study by ZHU et al. 
(2000). LEE et al. (2002) suggested a faster accumulation of catechins in humans after peak 
concentrations in plasma were reached after 1.6 hours. In horses, maximum concentrations of 
different flavonols were reached 2 hours after ingestion (WEIN and WOLFFRAM 2013). 
The in vivo abundance of oral polyphenols was reported to be highly affected by some inhibiting 
factors, e.g. the polyphenols’ chemical structure and interactions with other feeding compounds 
(D'ARCHIVIO et al. 2007). In contrast, other feeding components, e.g. digestible 
carbohydrates, lipids and other antioxidants might also improve the availability of polyphenols 
(BOHN 2014). In vivo, GLADINE et al. (2007) suggested a high bioavailability of some 
polyphenols in ruminants, when extracted polyphenols derived from rosemary, grape, citrus 
and marigold were still present in plasma 10 h after application into the rumen of sheep.  
Other flavonoids, namely quercetin, accumulated in comparatively high amounts in the lungs, 
liver, kidney and in smaller amounts in the brain, heart and spleen of rats and pigs (DE BOER 
et al. 2005). Until now, there is only little data available that focus on the bioavailability of 
different polyphenols in horses. Most results in the equine focus on the flavonoid quercetin or 
do not specifically examine oral bioavailability of different compounds. Nevertheless, WEIN 
and WOLFFRAM (2013) found quercetin to be at least abundant in equine plasma after oral 
administration but described a rapid elimination due to a short half-life. 
2.4.4 Anti-inflammatory effects 
In the literature, there are equivocal results concerning the effects polyphenols might have on 
the inflammatory response in different tissues and animal species. In particular, the anti-
inflammatory effects in vitro and in vivo seemed to differ greatly. AMMON and WAHL (1991) 
reviewed anti-inflammatory properties in animal models after oral application of extracts 
derived from Curcuma longa. Since then, several studies focused mainly on the inhibiting 
pathways of these plant-derived compounds in vitro. In isolated intestinal epithelial cells, 
curcumin blocked the downstream of NF-κB activation (see Figure 1) without interfering 
directly with the transcription factor but by preventing the IL-1β-mediated activation of the 
inhibiting subunit IκB (JOBIN et al. 1999). In the same study by JOBIN et al. (1999), curcumin 
exerted its inhibiting effects mainly on the p65/RelA NF-κB complex. BISWAS et al. (2005) 
and WHEELER et al. (2004) demonstrated similar results in respiratory epithelial cells, where 
curcumin and EGCG had anti-inflammatory effects by supressing NF-κB activation and the 
Literature review 
 
13 
 
NF-κB signalling pathway. When curcumin and resveratrol strongly influenced TNF-α in 
cultivated adipocytes by reducing TNF-α-mediated activation of NF-κB and the release of 
TNF-α, IL-1β and IL-6 as pro-inflammatory effector cytokines, a positive effect of curcumin 
on chronic inflammation in adipose tissue was suggested (GONZALES and ORLANDO 2008). 
Since macrophages play an important role in inflammation due to the early release of cytokines, 
the inhibitory effects of tea catechins, particularly EGCG, on the activation of NF-κB in LPS-
treated peritoneal macrophages was examined in vitro. By interfering with the inflammatory 
regulator NF-κB, the production of several inflammatory cytokines such as TNF-α and IL-1β 
are subsequently inhibited (see Figure 1) (GAUR and AGNIHOTRI 2014, JURENKA 2009, 
LIN and LIN 1997). The effects of curcuminoids on TNF-α production were different in 
isolated equine lymphocytes, where curcuminoids reduced the production of pro-inflammatory 
cytokines other than TNF-α. Levels of TNF-α were significantly reduced only by other 
polyphenols, such as quercetin and resveratrol in a study by SIARD et al. (2016).  
Studies on the potential anti-inflammatory effect of polyphenols on SAA concentration have 
not been performed in horses and ponies yet but this topic has been part of a few feeding studies 
in productive livestock. Feeding the same polyphenol-rich diet, GESSNER et al. (2013) and 
GESSNER et al. (2017b) showed reduced concentrations of SAA in intestinal tissue in weaning 
piglets and hepatic tissue in cows. In the literature, the effect of polyphenols on the production 
of Hp have not been examined in equines yet. Similar to SAA, serum Hp was reduced in cows 
which were fed a diet rich in polyphenols (GESSNER et al. 2017c). The inhibiting effects of 
different polyphenols on NF-κB was shown both in vitro and in vivo but revealed distinct 
variations depending on the target tissue. Although catechins did not have an anti-inflammatory 
effect in vivo in liver cells of pigs, they lowered the production of several NF-κB target genes, 
e.g. IL-1β and IL-8 in the intestinal mucosa. The catechins directly and indirectly interfered 
with NF-κB by inhibiting its DNA-binding activity and reducing TNF-α-dependent NF-κB 
transactivation in an in vitro and an in vivo model (GESSNER et al. 2011, GESSNER et al. 
2013). Catechins and curcuminoids derived from green tea and curcuma were able to reduce 
hepatic FGF21 mRNA levels in dairy cows kept under elevated metabolic stress (WINKLER 
et al. 2015). In vivo, an oral supplementation of quercetin, a polyphenolic flavonoid, showed 
positive effects on hepatic inflammation in mice by inhibiting NF-κB activation and 
suppressing the production of genes related to inflammation (MARCOLIN et al. 2012). 
GESSNER et al. (2013) showed anti-inflammatory effects of flavonoids derived from grape 
seed and grape marc meal extract (GSGME) in vivo when abundance of NF-kB and some target 
genes, like TNF-α and SAA, were suppressed in the duodenal mucosa in pigs. However, the 
liver tissue was not affected, indicating that flavonoids from GSGME had no effect on NF-κB 
signalling in liver tissue. WINKLER et al. (2015) described the potential to additionally 
increase performance parameters in livestock by feeding a blend of polyphenols derived from 
GCE to dairy cows. However, data on anti-inflammatory properties of polyphenols in vivo are 
still lacking in the equine. 
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2.4.5 Antioxidative effects 
Being rich in natural plant oxidants, green tea was proven to have a higher in vitro antioxidative 
capacity compared to other tea products by ANESINI et al. (2008). In the same study, the 
polyphenol content of green tea was shown to correlate well with the antioxidative activity of 
green tea. However, there are opposing results as LIN et al. (2003) reported green tea to have 
less effect on hydroxyl radical scavenging and LPS-induced production of nitric oxide (NO) in 
macrophages than black tea, whereas green tea was found to be more effective in inducing cell 
apoptosis. According to a study by AHMAD et al. (2014) the antioxidant and radical scavenging 
activity of catechins (see Figure 1) found in green tea is dependent on the extraction method 
and the used solvent. Extraction with aqueous ethanol resulted in the highest activity. The 
antioxidative effects of curcuminoids in vitro was examined by NAIDU et al. (2009) where the 
free radical scavenging capacity of curcumin, demethoxycurcumin and bisdemethoxycurcumin 
increased with higher concentrations. Nevertheless, there appears to be an important distinction 
between the in vitro antioxidant effectiveness of polyphenols and their ability to suppress the 
occurrence of oxidation in vivo. A study by DUTHIE and MORRICE (2012) showed only 
limited in vivo antioxidative capacity of several flavonoids in hepatic cells from rats. The oral 
application of flavonoids such as quercetin did not lead to significant amounts in plasma. 
Similar results were evident in a study by AUGUSTIN et al. (2008) when dietary 
supplementation of green tea did not affect plasma antioxidant capacity or meat quality in 
growing pigs. In ruminants, GLADINE et al. (2007) improved the plasma total antioxidant 
status when applying a single dose of grape directly into the rumen of sheep.  
In previous studies, a synergistic in vitro effect in the antioxidative capacities of polyphenols 
and vitamin E (α-tocopherol) was suggested. ZHOU et al. (2005) defined polyphenols as co-
antioxidants to vitamins. FRANK et al. (2006) used the flavonoids quercetin, catechin and EC 
to increase levels of α-tocopherol in plasma and hepatic tissue of rats and showed a protective 
effect on the oxidation of α-tocopherol. In contrast, catechins failed to induce higher α-
tocopherol concentrations in blood and other tissues in pigs in a field study (AUGUSTIN et al. 
2008). In piglets, supplementation of GSGME had no effect on the antioxidative capacity and 
concentrations of tocopherols in plasma and liver (GESSNER et al. 2017b, GESSNER et al. 
2013). 
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Supplemental material 
Table S1:  SAA concentrations (mg/L) in serum before and 12 hours after 
lipopolysaccharide (LPS) challenge in horses and ponies fed placebo or green 
tea and curcuma extract (GCE).  
Table S2:  Hp concentrations (mg/mL) in serum before and 12 hours after 
lipopolysaccharide (LPS) challenge in horses and ponies fed placebo or green 
tea and curcuma extract (GCE).  
Table S3:  RBP4 concentrations (µg/mL) in serum before and 12 hours after 
lipopolysaccharide (LPS) challenge in horses and ponies fed placebo or green 
tea and curcuma extract (GCE).  
Table S4:  Hepatic mRNA levels of markers of inflammation and stress of the endoplasmic 
reticulum (ER) before and 12 hours after lipopolysaccharide (LPS) challenge in 
horses and ponies fed placebo or green tea and curcuma extract (GCE).  
Table S5:  Rectal temperature (°C) before and 12 hours after lipopolysaccharide (LPS) 
challenge in horses and ponies fed placebo or green tea and curcuma extract 
(GCE).  
Table S6:  Comparison of hepatic mRNA levels of markers of inflammation and stress of 
the endoplasmic reticulum (ER) before and 12 hours after lipopolysaccharide 
(LPS) challenge in horses and ponies fed placebo or green tea and curcuma 
extract (GCE). 
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Table S1:  SAA concentrations (mg/L) in serum before and 12 hours after 
lipopolysaccharide (LPS) challenge in horses and ponies fed placebo or green 
tea and curcuma extract (GCE).  
  Placebo GCE 
      
ID Breed Before LPS 12 h after LPS Before LPS 12 h after LPS 
      
1 Pony 0.5 ꟷ 0.8 70.7 
2 Pony 0.1 80.4 1.6 49.3 
3 Pony 1.0 118.3 0.1 29.1 
4 Pony 0.1 96.3 0.1 110.6 
5 Pony 1.9 102.0 0.1 79.9 
6 Pony 1.9 69.9 0.1 136.9 
7 Horse 1.7 33.8 1.2 47.3 
8 Horse 2.6 70.2 0.6 22.1 
9 Horse 1.4 100.5 0.1 46.8 
10 Horse ꟷ ꟷ 0.7 80.8 
11 Horse 0.3 121.6 1.4 158.3 
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Table S2:  Hp concentrations (mg/mL) in serum before and 12 hours after 
lipopolysaccharide (LPS) challenge in horses and ponies fed placebo or green 
tea and curcuma extract (GCE).  
  Placebo GCE 
      
ID Breed Before LPS 12 h after LPS Before LPS 12 h after LPS 
      
1 Pony 1.3 ꟷ 1.3 1.3 
2 Pony 1.7 2.5 1.2 1.3 
3 Pony 2.0 2.1 1.2 1.8 
4 Pony 1.1 1.3 1.7 1.8 
5 Pony 0.8 0.7 0.8 0.9 
6 Pony 1.0 0.9 1.2 1.3 
7 Horse 1.3 1.7 1.6 2.0 
8 Horse 1.5 1.5 2.2 2.5 
9 Horse 1.5 1.2 1.2 1.8 
10 Horse 3.9 3.9 1.3 1.6 
11 Horse 1.8 2.5 1.7 1.7 
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Table S3:  RBP4 concentrations (µg/mL) in serum before and 12 hours after 
lipopolysaccharide (LPS) challenge in horses and ponies fed placebo or green 
tea and curcuma extract (GCE).  
  Placebo GCE 
      
ID Breed Before LPS 12 h after LPS Before LPS 12 h after LPS 
      
1 Pony 6.68 8.19 3.51 2.29 
2 Pony 5.88 5.63 2.95 2.12 
3 Pony 5.92 8.35 2.53 2.75 
4 Pony 4.67 5.44 5.90 2.49 
5 Pony 3.67 2.67 7.06 5.59 
6 Pony 3.50 2.17 2.67 4.09 
7 Horse 5.30 4.22 4.87 6.19 
8 Horse 3.33 3.96 3.05 6.80 
9 Horse 4.47 4.16 6.80 5.55 
10 Horse 2.53 2.69 4.18 3.88 
11 Horse 4.83 3.62 6.05 5.22 
 
Publication 
 
41 
 
Table S4:  Hepatic mRNA levels of markers of inflammation and stress of the endoplasmic 
reticulum (ER) before and 12 hours after lipopolysaccharide (LPS) challenge in 
horses and ponies fed placebo or green tea and curcuma extract (GCE). 
   Placebo GCE 
       
Parameter ID Breed Before LPS 
12 h after 
LPS 
Before LPS 
12 h after 
LPS 
       
ATF4 1 Pony 40.322164 0.8827658 2.3129776 2.380303 
 2 Pony 3.2380223 1.2395249 1.7190048 0.6040497 
 3 Pony 0.9646673 2.1740985 0.7920545 1.8686832 
 4 Pony 0.8203847 1.5707201 1.4315922 0.5137744 
 5 Pony 1.8674967 2.9582042 0.8062764 1.1931974 
 6 Pony 3.4702694 1.3838718 1.233949 0.4911866 
 7 Horse 2.2998982 1.0599604 2.7727378 1.1725649 
 8 Horse 0.9838572 0.9118414 3.7486186 0.4276783 
 9 Horse 2.0771935 1.3552623 2.8500054 1.6152246 
 10 Horse 0.9471984 1.5807906 1.7117376 1.2769087 
 11 Horse 1.0137691 1.5389479 1.7412097 2.8301624 
       
CD68 1 Pony 0.4978439 7.5211032 5.0807564 3.3414238 
 2 Pony 9.44766 14.346259 3.6471859 11.58365 
 3 Pony 4.1196561 11.843139 5.511327 16.023722 
 4 Pony 16.848178 10.9139 5.4893958 7.2991831 
 5 Pony 2.7974556 3.9919208 5.012195 11.91525 
 6 Pony 2.6957681 8.627212 5.4893958 24.747419 
 7 Horse 4.7649733 9.2681321 5.012195 2.0553356 
 8 Horse 4.2234547 6.0197712 23.222494 3.1194225 
 9 Horse 4.5828148 3.5582301 0.7261438 8.2468938 
 10 Horse 4.9292024 6.3422365 6.7336906 7.0011787 
 11 Horse 10.595571 15.815819 3.6455488 3.0043131 
       
FGF21 1 Pony 0.1209505 0.5871964 5.0608952 23.194971 
 2 Pony 14.084486 0.3054898 8.7660673 1.6002653 
 3 Pony 1.4628929 0.1415568 3.2076477 2.7368883 
 4 Pony 3.6848944 0.1126987 10.181431 0.3933273 
 5 Pony 5.6854092 0.0549245 6.3623913 0.924205 
 6 Pony 0.0412072 0.243846 0.1749551 0.0115114 
 7 Horse 1.1227932 0.049334 0.0057793 0.0036263 
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 8 Horse 5.1796375 0.14936 0.1420119 0.0241823 
 9 Horse 1.9463945 0.0403477 0.1094977 0.0796988 
 10 Horse 1.0521206 2.8652371 0.3928554 0.0705045 
 11 Horse 0.0764234 3.1066771 1.6482333 0.0663023 
       
Haptoglobin 1 Pony 0.280835 1.5858244 1.0308425 1.4910226 
 2 Pony 1.7474934 2.195708 1.0114712 0.859436 
 3 Pony 1.4551568 2.671773 1.3010975 1.2529351 
 4 Pony 0.6126137 1.1547364 0.9168776 1.5345483 
 5 Pony 1.6951113 1.6954904 0.8662936 0.8146579 
 6 Pony 1.1758191 1.6695556 1.2819511 1.2410092 
 7 Horse 1.0865299 1.3688551 0.0156396 1.6544027 
 8 Horse 1.9213308 1.3535025 1.7159986 1.3678102 
 9 Horse 1.4780002 1.5101659 1.3336055 1.3860644 
 10 Horse 0.8396276 1.0221992 1.7143917 1.3499253 
 11 Horse 0.6426904 1.0521163 0.6081406 1.2547131 
       
IL-1β 1 Pony 8.6324854 5.7892888 15.108002 9.4312902 
 2 Pony 7.542346 4.4989483 13.630294 9.1438101 
 3 Pony 12.632429 76.741242 10.131278 48.498872 
 4 Pony 17.84944 29.402311 29.561448 11.738622 
 5 Pony 6.9923699 3.6372478 12.397959 12.863369 
 6 Pony 6.9083096 34.882562 13.189001 10.526558 
 7 Horse 5.971483 42.480553 5.4397858 4.6727488 
 8 Horse 32.326207 26.931683 85.23043 10.274812 
 9 Horse 16.556773 8.4058016 10.792262 37.46998 
 10 Horse 5.4413544 31.324374 14.946106 24.898349 
 11 Horse 8.8903068 16.509474 8.9119307 4.5212837 
       
IL-6 1 Pony 1111.0057 4.2894932 1.3021463 2.7424498 
 2 Pony 65.91982 15.748305 1.7007242 3.5505609 
 3 Pony 5.7523223 27.213179 3.4428086 1.2609655 
 4 Pony 1.4843267 7.4513413 1.811274 13.217028 
 5 Pony 6.5888265 6.8992774 6.1490983 40.211743 
 6 Pony 206.84766 2.0535424 31.752553 3.5085888 
 7 Horse 74.878293 2.8900193 110.48407 4.5279182 
 8 Horse 11.182809 8.2213123 1.6889223 3.2775691 
       
 9 Horse 3.3856117 2.4656042 2.6708291 1.4403023 
 10 Horse 3.6396432 1.3845822 1.8118669 2.3483541 
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 11 Horse 7.7125495 0.8056068 3.7797319 9.0760201 
       
NFĸB 1 Pony 4.7071778 3.3167561 1.570681 2.2223102 
 2 Pony 3.7580213 4.9533644 1.7736149 5.8175967 
 3 Pony 3.7124041 5.131656 4.4239047 2.2766778 
 4 Pony 3.7836884 1.7379185 2.3886004 3.9796966 
 5 Pony 1.1757386 0.4782875 1.5944868 3.6980185 
 6 Pony 0.9825559 1.8324853 5.3709729 3.8822855 
 7 Horse 0.7724494 2.5044772 2.0023632 0.9322002 
 8 Horse 2.5938544 2.1207115 1.8471652 1.4624325 
 9 Horse 1.5218751 1.5927687 1.0138913 1.5925272 
 10 Horse 2.2086741 2.4912387 1.1442882 1.7056645 
 11 Horse 1.5931321 1.6310995 2.8735343 0.9701115 
       
TNF-α 1 Pony 785.65191 4.3674604 3.1184453 3.8560123 
 2 Pony 39.042415 14.575377 3.6816957 11.997929 
 3 Pony 8.6388881 18.239903 2.1252624 7.8814075 
 4 Pony 2.980148 7.1613589 5.0938696 12.277608 
 5 Pony 9.0899165 3.9355533 6.4535201 36.837355 
 6 Pony 1.6889777 4.1694509 21.600528 4.7564625 
 7 Horse 3.0503191 5.7642208 75.380396 2.4527221 
 8 Horse 10.297353 9.6847017 6.8338618 3.5386278 
 9 Horse 2.783886 3.2960773 3.5293861 7.1365267 
 10 Horse 4.6631533 4.0510584 4.4600726 3.1730259 
 11 Horse 7.6567153 2.0325551 6.2031883 1.1290434 
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Table S5:  Rectal temperature (°C) before and 12 hours after lipopolysaccharide (LPS) 
challenge in horses and ponies fed placebo or green tea and curcuma extract 
(GCE).  
  Placebo GCE 
      
ID Breed Before LPS 12 h after LPS Before LPS 12 h after LPS 
      
1 Pony 37.30 38.30 37.00 38.20 
2 Pony 36.70 37.10 37.40 39.10 
3 Pony 37.20 37.90 37.20 38.20 
4 Pony 37.60 39.10 37.50 39.30 
5 Pony 37.60 38.10 37.20 38.50 
6 Pony 37.50 38.10 37.30 38.30 
7 Horse 37.10 38.80 37.20 39.20 
8 Horse 36.50 38.90 37.50 38.60 
9 Horse 37.00 38.60 37.30 38.50 
10 Horse 36.90 38.30 37.10 38.20 
11 Horse 37.60 39.50 37.80 39.60 
*Rectal temperature (maximum) up to 180 minutes after LPS infusion 
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Table S6:  Comparison of hepatic mRNA levels of markers of inflammation and stress of 
the endoplasmic reticulum (ER) before and 12 hours after lipopolysaccharide 
(LPS) challenge in horses and ponies fed placebo or green tea and curcuma 
extract (GCE). 
    Placebo GCE 
      
Parameter Breed Before LPS 12 h after 
LPS 
Before LPS 12 h after 
LPS 
      
ATF4 Horses 1.01 1.36 1.71 1.28 
  (0.98/2.08) (1.06/1.54) (1.43/1.74) (1.19/1.62) 
 Ponies 2.55 1.48 2.02 0.89 
    (0.96/3.47) (1.24/2.17) (1.23/2.77) (0.49/1.87) 
      
CD68 Horses 4.76 6.34 5.01 7.3 
  (4.58/4.93) (6.02/9.27) (3.65/5.49) (7/8.25) 
 Ponies 3.46 9.77 5.29 7.46 
    (2.7/9.45) (7.52/11.84) (5.01/5.51) (3.12/16.02) 
      
FGF21 Horses 1.12 0.15 1.65 0.08 
  (1.05/1.95) (0.05/2.87) (0.39/6.36) (0.07/0.39) 
 Ponies 2.57 0.19 1.69 0.81 
    (0.12/5.69) (0.11/0.31) (0.14/5.06) (0.01/2.74) 
      
Haptoglobin Horses 1.09 1.35 0.92 1.35 
  (0.84/1.48) (1.05/1.37) (0.87/1.33) (1.25/1.39) 
 Ponies 1.32 1.68 1.16 1.31 
    (0.61/1.7) (1.59/2.2) (1.01/1.3) (1.24/1.49) 
      
IL-1β Horses 8.89 26.93 12.4 12.86 
  (5.97/16.56) (16.51/31.32) (10.79/14.95) (11.74/24.9) 
 Ponies 8.09 17.6 13.41 9.85 
    (6.99/12.63) (4.5/34.88) (10.13/15.11) (9.14/10.53) 
      
IL-6 Horses 7.71 2.47 2.67 9.08 
  (3.64/11.18) (1.38/2.89) (1.81/3.78) (2.35/13.22) 
 Ponies 36.25 7.18 2.57 3.39 
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    (5.75/206.85) (4.29/15.75) (1.69/31.75) (2.74/3.55) 
      
NFkB Horses 1.59 2.12 1.59 1.71 
  (1.52/2.21) (1.63/2.49) (1.14/2.39) (1.59/3.7) 
 Ponies 3.74 2.57 1.92 2.25 
    (1.18/3.78) (1.74/4.95) (1.77/4.42) (1.46/3.88) 
      
TNF-α Horses 4.66 4.05 5.09 7.14 
  (3.05/7.66) (3.3/5.76) (4.46/6.2) (3.17/12.28) 
 Ponies 8.86 5.76 5.26 4.13 
    (2.98/39.04) (4.17/14.58) (3:12721.6) (3.54/7.88) 
Values are presented as median (25./75. percentiles). 
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4 Discussion 
Various conditions in the equine are associated with inflammatory processes and the occurrence 
of ER stress, especially in tissues such as the liver. A polyphenol-rich nutraceutical might be 
beneficial in reducing the effects of generalized inflammatory conditions. Therefore, this study 
assessed the effects of a GCE supplementation on the abundance of acute phase reactants in 
serum and of hepatic genes that are primarily involved in the pathways following an 
inflammatory stimulus in equines. 
4.1 Effects of the LPS challenge 
4.1.1 Induction of inflammation by LPS 
To induce a low-grade inflammation in our animals under standardized conditions, an LPS 
challenge was performed at the end of each supplementation period. The LPS challenge is a 
well-established inflammatory model in equine studies since horses react especially sensitively 
to endotoxins (OLIVEIRA-FILHO et al. 2011, TADROS and FRANK 2012, VINTHER et al. 
2015). The induction of a generalized inflammatory response by LPS was indicated not only 
by clinical signs of discomfort and colic in all horses and ponies, but also by several 
inflammatory parameters in blood and liver tissue. The acute phase proteins SAA and Hp were 
chosen for their rapid response during inflammatory processes in blood (HULTÉN et al. 2002). 
SAA showed a significant increase after LPS challenge in the supplementation as well as the 
placebo group, whereas Hp showed significant higher blood levels only in the GCE group 
contrary to our hypothesis. Regarding the mRNA levels in liver tissue, Hp and CD68 were both 
significantly higher in the placebo group after LPS challenge, indicating a certain anti-
inflammatory property of the supplementation. As the main finding in this study, LPS infusion 
lead to significantly lower hepatic mRNA levels of IL-1β in the GCE group compared to the 
placebo group, hereby confirming an anti-inflammatory effect. However, the overall 
inflammatory response by LPS was lower than expected in both feeding groups, since other 
typical pro-inflammatory markers, such as blood RBP4 and hepatic TNF-α and IL-6 levels, 
remained unaltered in the course of the LPS challenge. As a consequence of these findings, a 
critical assessment of the sampling points for blood and liver tissue is required. To ensure 
animal welfare during the sampling procedure, the sampling points for liver tissue were set at 
24 hours before and 12 hours after the LPS challenge. For the same ethical reasons, the blood 
sampling was performed simultaneously with the liver sampling procedure. The best sampling 
point after LPS induction for some parameters, e.g. RBP4, remains unknown. According to 
literature (NIETO et al. 2009, TADROS and FRANK 2012), mRNA levels of IL-1β, IL-6 and 
TNF- α were elevated in blood due to an intravenous LPS infusion with peak concentrations 
reached < 4 hours after the inflammatory stimulus with a rapid return to baseline. The same 
pattern might apply for a response in liver tissue. In contrast, peak levels of Hp in serum were 
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delayed and reached its maximum between 48 and 96 hours (HULTÉN et al. 2002, VINTHER 
et al. 2016) after LPS stimulus.  
NF-κB is a key factor in the hepatic inflammatory cascade. It induces the production of the 
above-mentioned inflammatory effectors in blood and liver tissue, e.g. IL-1 and TNF-α. To a 
certain extent activation of NF-κB is also dependent on these cytokines (CHAUDHARI et al. 
2014). Since NF-κB was not significantly affected by the LPS challenge, an IL-1 and TNF-α-
dependent activation of NF-κB was not induced. 
In case of an inflammatory stimulus, blood macrophages start invading the affected tissue and 
resident liver macrophages promote the inflammatory cascade inside the liver tissue, ultimately 
promoting the development of liver fibrosis (IMAMURA et al. 2005, KARLMARK et al. 
2009). To examine the invasion process of macrophages under the impact of LPS, changes in 
numbers of hepatic macrophages were assessed by immunohistochemistry. The maximum 
variation of 20% of hepatic macrophages following the LPS challenge seemed to be low. Since 
the induction of macrophage-promoting cytokines, e.g. TNF-α, IL-6 and IL-1β remains 
questionable in this study, a sufficient macrophage invasion into liver tissue must be in doubt. 
4.1.2 Induction of ER stress and oxidative stress by LPS 
In addition to inflammatory parameters, the grade of hepatic ER stress and oxidative stress were 
evaluated in the horses and ponies. Inflammation, ER stress and oxidative stress are closely 
connected by the main transcription factor NF-κB. The cytokines that are known as NF-κB 
target genes also function as trigger for the cascade of ER stress (BEUKES et al. 2019, ZHANG 
et al. 2006). Furthermore, oxidative stress directly activates the NF-κB pathway and can also 
lead to ER stress (GESSNER et al. 2017b, RINGSEIS et al. 2015). In case of ER stress, the 
hormone FGF21 can be seen as a sensitive marker as it seems to play an important role in the 
body’s defensive mechanisms by suppressing the inflammatory cascade (YU et al. 2016). 
FGF21 is induced by a pathway that is dependent on ATF4 (KIM et al. 2015, SCHAAP et al. 
2013, WAN et al. 2014). RBP4 seems to play a role in the induction of oxidative stress in vitro 
via activation of NF-κB (FARJO et al. 2012). Although LPS showed some potential to induce 
ER stress in vitro (ENDO et al. 2006, NAKAYAMA et al. 2010), all parameters that are 
associated with a condition of ER stress and oxidative stress in blood and liver tissue, namely 
NF-κB, RBP4, ATF4 and FGF21, remained unchanged in the horses and ponies after LPS 
challenge, regardless of the supplementation. Therefore, LPS might have not been able to 
sufficiently induce ER stress or oxidative stress in our in vivo model.  
With regard to in vivo results in horses, the fact that little information is available on the 
occurrence of ER stress and oxidative stress in hepatic tissue so far has to be taken into 
consideration. The data on reliable stress markers has to be transferred from in vitro results or 
from other species into the horse. Therefore, the role of stress markers, such as FGF21 in ER 
stress-affected horses remains unclear. Under field conditions, WINKLER et al. (2015) 
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examined ER stress in farm animals and described FGF21 as a reliable marker for ER stress in 
dairy cows which develop ER stress regularly under typical housing conditions. In these 
animals, the liver tissue is especially prone to be affected by ER stress. Horses that were affected 
by ER stress and oxidative stress in vivo showed signs of endocrine disorders, such as the equine 
metabolic syndrome (BANSE et al. 2015, MARYCZ et al. 2018). 
4.2 Effects of the GCE supplementation 
The nutraceutical supplement used in this study contained two polyphenol sources. Green tea 
provides a high amount of catechins and is therefore one of the best sources for polyphenols 
(GAUR and AGNIHOTRI 2014). Curcuminoids are extracted from the plant Curcuma longa. 
Prior to our study, both plants were already used in several in vitro studies (JOBIN et al. 1999, 
SIARD et al. 2016, WHEELER et al. 2004) as well as in feeding trials in farm animals 
(WINKLER et al. 2015) and showed promising anti-inflammatory and cell stress protective 
properties. 
4.2.1 Anti-inflammatory effects 
In agreement with the hypothesis of this study, GCE supplementation showed an anti-
inflammatory effect by a reduced hepatic mRNA level of the pro-inflammatory cytokine IL-1β. 
In vitro, SIARD et al. (2016) found that curcumin is able to inhibit the production of pro-
inflammatory cytokines, but not IL-1β, whereas GONZALES and ORLANDO (2008) found a 
reduced IL-1β production in adipocytes. In a feeding trial, GESSNER et al. (2011) lowered the 
production of IL-1β in the intestinal mucosa of pigs by feeding catechins. However, the majority 
of studies in vitro and in vivo suggest that a reduction of IL-1β levels is dependent on NF-kB 
inhibition. An NF-kB-dependent inhibition of IL-1β seemed to be absent in our study as NF-kB 
mRNA expression did not increase after the LPS induction. Contrary to the findings on IL-1β, 
blood parameters such as SAA were not affected by the GCE feeding. In regard to literature, so 
far, an anti-inflammatory effect of polyphenols on SAA was only apparent in vitro in intestinal 
tissue. An overall anti-inflammatory effect by GCE was not apparent as other typical markers 
for inflammation (e.g. Hp, IL-6, TNF-α) were not affected by the polyphenol-rich diet in blood 
or liver tissue. As mentioned above, the inflammatory parameters that were used in this trial 
might have reached peak values prior to or later than the selected sampling point at 12 hours 
after LPS challenge. 
Macrophages are able to promote the inflammatory response in liver tissue. According to 
BALDUS et al. (1998), CD68 is a sensitive marker to examine the presence of hepatic 
macrophages in liver tissue, whereas CAI et al. (2005) discussed hepatic levels of CD68 to be 
a marker for the activation of resident liver macrophages. To examine the effect of GCE on the 
invasion process of macrophages and their activation in the liver tissue, changes in numbers of 
hepatic macrophages were compared between the supplementation and the placebo group. 
Since levels of CD68 mRNA increased after the LPS challenge only in the placebo group, the 
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GCE supplement showed some potential to inhibit activation of resident macrophages. 
However, the effect could not be statistically verified when comparing both feeding groups. 
4.2.2 Reduction of ER stress and oxidative stress 
In other monogastric animals such as rodents, the in vivo antioxidative effects of certain 
polyphenols were already questioned prior to our study (DUTHIE and MORRICE 2012). These 
findings are consistent with the effects of GCE on cell stress in our horses and ponies, where 
the selected markers such as FGF21 did not show a significant alteration in response to the GCE 
feeding. Since the LPS challenge did not induce hepatic cell stress, the ability to examine the 
impact of GCE on cell stress in the horses and ponies was generally limited. 
4.2.3 Comparison of in vivo effects in equines and farm animals 
In the horses and ponies, GCE showed a higher potential to reduce inflammation but had no 
effect on hepatic ER stress or oxidative stress. Contrary to our results, WINKLER et al. (2015) 
found FGF21 to be the most promising factor to be reduced in dairy cows, whereas the anti-
inflammatory effects were quite limited. When comparing results obtained from feeding trials 
in other species to this study, it has to be taken into consideration that most in vivo effects in 
farm animals were found in an improvement of performance parameters such as milk yield in 
dairy cows or gain to feed ratio in pigs (GESSNER et al. 2013, WINKLER et al. 2015). 
Performance parameters were not assessed in our horses and ponies. 
4.3 Daily dosages of polyphenols 
According to the manufacturer, the total polyphenol content of the GCE supplement was 20%. 
Because of technical reasons, we were not able to analyse and verify the total amount of 
polyphenols or to characterize the spectrum of polyphenols in the used plant extract. The daily 
dose of GCE was fed per animal, according to the manufacturer’s recommendations, which 
were not related to the animals’ body weight (BW). All animals received a standardized dose 
of 10 g GCE per day, resulting in a dose of 0.3-1.6 g of GCE per 100 kg BW. In comparison to 
similar studies in farm animals, the dosage of polyphenols in horses was comparable or even 
higher than in cattle. WINKLER et al. (2015) used a similar product based on polyphenols from 
green tea and curcuma in dairy cows and selected a daily dose of supplement (0.04-0.1 g/100 
kg BW) that was lower compared to the amount that was fed in our animals. Comparably higher 
dosages were fed to pigs (1-10 g/100 kg BW) in a study by AUGUSTIN et al. (2008). However, 
feeding high dosages of polyphenols did not have a positive impact on the antioxidative 
capacity in an in vivo model. The same dosage (10 g/100 kg BW) led to a reduced level of 
oxidative stress and inflammation in rats (JAIN et al. 2009). These findings suggest that the 
positive effects of polyphenols are not dose-dependent across species in vivo. As we used ponies 
and horses the dosage of 10 g GCE per animal per day lead to approximately 5.3 times higher 
amounts of polyphenols/kg BW in ponies compared to the horses’ dosage. No dose-dependent 
differences could be found comparing inflammatory parameters in horses and ponies, especially 
Discussion 
 
51 
 
with respect to the pro-inflammatory cytokine IL-1β. As a result, a more positive outcome on 
the protective effects in this study due to a higher dosage of polyphenols seems questionable. 
In general, a poor bioavailability and rapid excretion of polyphenol-rich nutraceuticals has been 
found in humans and rats in vivo (NAKAGAWA et al. 1997, ZHU et al. 2000). According to 
literature (AHMAD et al. 2014, LIN et al. 2003, PRIYADARSINI 2014), polyphenols show a 
wide variation in their bioavailability depending on their source and some external factors, e.g. 
storage conditions and extraction methods. WEIN and WOLFFRAM (2013) found quercetin, a 
similar polyphenolic compound, to be abundant in equine plasma after oral ingestion. But 
information on the bioavailability of polyphenols derived from green tea and curcuma is still 
missing in horses and ponies. 
4.4 Conclusion 
In conclusion, inflammation was successfully induced by an LPS challenge and led to an 
increase of inflammatory blood parameters in all animals. A certain anti-inflammatory effect 
could be demonstrated by GCE, especially on liver parameters such as IL-1β. However, an 
overall anti-inflammatory effect could not be stated in this trial. When comparing the results of 
a polyphenol-rich diet in equines to other in vivo studies in livestock, the extent of the protective 
effects seems comparable. Polyphenols seem to offer a higher anti-inflammatory ability in 
equines, whereas farm animals seem to benefit mostly from stress-protective effects. Due to the 
generally low bioavailability of oral polyphenols and the fact, that GCE showed no dosage-
dependent effect even at comparably high dosages in our ponies, especially regarding IL-1β, 
the benefit from a diet rich in catechins and curcuminoids remains questionable. To resolve 
these issues, further studies for a better understanding of cell stress in horses and ponies are 
necessary. Additional research on the bioavailability of green tea catechins and curcuminoids 
is necessary to fully evaluate the protective effects of a GCE supplementation on horses and 
ponies. 
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Einleitung: Verschiedene Erkrankungen gehen bei Pferden mit einer erhöhten 
Entzündungsbereitschaft einher. Das entzündliche Geschehen kann dabei in engem 
Zusammenhang mit dem Auftreten von Stress des endoplasmatischen Retikulums (ER) stehen. 
Im Zuge der Immunantwort entsteht eine Signalkaskade, die über Entzündungsmarker 
quantifiziert werden kann. Bei der Expression verschiedener Entzündungsmediatoren rückt 
insbesondere die Leber in den Fokus. Die anti-inflammatorische und ER-Stress-modifizierende 
Wirkung von oralen Polyphenolen aus einem Grüntee-Kurkuma-Extrakt (GKE) wurde bereits 
in anderen Tierspezies, wie z.B. Wiederkäuern oder Schweinen nachgewiesen. 
Ziel der Studie: Das Ziel der vorliegenden Studie war die Überprüfung der Effekte einer GKE-
Supplementierung auf eine Lipopolysaccharid (LPS)-induzierte Entzündung bei Pferden und 
Ponys. Die Hypothese war, dass die Supplementierung des GKE zu einer Reduktion der 
entzündlichen Reaktion und des Zellstresses bei Pferden und Ponys führt. 
Tiere, Material und Methoden: In einer randomisierten, placebo-kontrollierten Studie wurden 
fünf gesunde adulte Warmblutpferde (Angaben in Mittelwert ± Standardabweichung, Alter 19 
± 5 Jahre; Körpermasse (KM) 589 ± 81 kg) und sechs gesunde adulte Shetlandponys (Angaben 
in Mittelwert ± Standardabweichung, Alter 9 ± 3 Jahre; KM 126 ± 8 kg) einbezogen. Die 
tägliche Basisration bestand aus Heu (2 kg/100 kg KM). Im Cross-over erhielten die Tiere für 
21 Tage 10 g eines GKE (20% Polyphenolgehalt) nach Angaben des Herstellers, oder alternativ 
ein Placebo (Kalziumcarbonat) zusammen mit 1 kg (Pferde) oder 0,2 kg (Ponys) eines 
kommerziellen Ergänzungsfuttermittels für Pferde. Nach der 21-tägigen 
Supplementierungsphase wurde bei allen Tieren zur Induktion eines moderaten, generalisierten 
Entzündungsgeschehens LPS (10 ng/kg KM) intravenös appliziert. 24 Stunden vor und 12 
Stunden nach der LPS-Challenge wurden Blutproben und Lebergewebe entnommen. Die 
Entnahme des Lebergewebes erfolgte minimalinvasiv unter Ultraschallkontrolle. Während der 
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anschließenden 3-monatigen Wash-out Phase erhielten alle Tiere ausschließlich Heu zur freien 
Aufnahme. Hiernach fand im Cross-over Verfahren ein Wechsel der Fütterungsgruppen statt. 
Eine erneute LPS-Challenge und die anschließende Probennahme wurden nach den oben 
genannten Kriterien durchgeführt. In allen Blutproben wurden die Parameter Serum Amyloid 
A (SAA), Haptoglobin (Hp) und Retinol-bindendes Protein 4 (RBP4) gemessen. Mittels RT-
qPCR wurden in allen Leberbioptaten die mRNA-Level ausgewählter Entzündungsmarker 
bestimmt (Hp, TNF-α, IL-1β, IL-6, CD68, FGF21, NF-kB, ATF4). Zusätzlich erfolgte eine 
histologische Untersuchung auf entzündliche Reaktionen im Gewebe. Die Daten, mit 
Ausnahme der immunhistochemischen Auswertungen, wurden unter Verwendung der 
kommerziellen Software Statistica® statistisch ausgewertet. Die Daten wurden mittels des 
Shapiro-Wilks-Testes auf Normalverteilung überprüft. Da die Daten nicht normalverteilt 
waren, wurde der Wilcoxon-Test für nicht-parametrische Daten angewendet. Das 
Signifikanzniveau lag bei p < 0,05. Die Darstellung der Daten erfolgt als Median und dem 
25./75. Perzentil.  
Ergebnisse: Vor der LPS-Challenge lagen alle Werte für SAA ≤ 2,6 mg/l. Nach der LPS-
Challenge stiegen die Werte signifikant an (Angabe Median und in Klammern 25./75. Perzentil, 
Placebo-Gruppe: 98,4 (70,2/118) μg/ml, Zeit p = 0,008; GKE-Gruppe: 70,7 (46,8/111) μg/ml, 
Zeit p = 0,003). Innerhalb der GKE-Gruppe stieg der Wert für Hp im Serum nach der LPS-
Challenge signifikant an (Zeit p = 0,005). Es konnten keine weiteren signifikanten Unterschiede 
in den Blutparametern im Vergleich der GKE-Gruppe zur Placebogruppe nach LPS Stimulation 
gefunden werden. Im Lebergewebe zeigte sich nach der LPS-Challenge für die GKE-Gruppe 
eine 2,6-fach geringere mRNA-Expression für das pro-inflammatorische Zytokin IL-1β im 
Vergleich zur Placebogruppe (Supplementierung p = 0,04). Die mRNA-Level von CD68 (Zeit 
p = 0,04) und Hp (Zeit p = 0,03) zeigten nach der LPS-Challenge im Lebergewebe einen 
signifikanten Anstieg innerhalb der Placebogruppe. Innerhalb der GKE-Gruppe zeigten sich 
keine Veränderungen durch die LPS-Challenge. Ein signifikanter Unterschied zwischen der 
Placebo- und der GKE Gruppe nach LPS wurde nicht gefunden. Andere Parameter im 
Lebergewebe, wie z.B. Transkriptionsfaktor NF-κB und die Zytokine IL-6 und TNF-α, zeigten 
keine signifikanten Veränderungen nach der LPS-Challenge in beiden Fütterungsgruppen. Für 
die Ergebnisse der Immunhistochemie konnten keine signifikanten Unterschiede in 
Abhängigkeit zur LPS-Challenge oder der Fütterung gezeigt werden. 
Schlussfolgerung: Die LPS-Challenge induzierte eine generalisierte Entzündung bei Pferden 
und Ponys. Die Supplementierung eines GKE für 21 Tage zeigte über die Reduktion des 
Entzündungsmarkers IL-1β in der Leber ein anti-inflammatorisches Potential. Andere Blut- und 
Leberparameter zeigten keinen Supplementierungseffekt. Somit konnte kein umfassender anti-
inflammatorischer Effekt der GKE Supplementierung festgestellt werden. 
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Introduction: Different medical conditions are linked with an inflammatory status in horses 
and ponies. Inflammation can be induced by endoplasmic reticulum (ER) stress, leading to an 
immune response which can be measured by several markers of the signalling cascade. The 
liver plays an important role as production site of these inflammatory markers. The influence 
of feeding a polyphenol-rich supplement consisting of green tea and curcumin extract (GCE) 
on ER stress and inflammation has been already described in several species such as cattle and 
pigs.  
Aim of the study: The aim of the study was to investigate the effect of a GCE supplementation 
on lipopolysaccharide (LPS)-induced inflammation in horses and ponies. It was hypothesized 
that the GCE supplementation will reduce inflammatory reactions and cell stress compared to 
the placebo group. 
Animals, material and methods: In a randomized, placebo controlled study, five healthy adult 
warmblood horses (mean (±SD) age 19 ± 5 years, mean (±SD) body weight (BW) 589 ± 81 kg) 
and six healthy adult Shetland ponies (mean (±SD) age 9 ± 3 years and mean (±SD) BW 126 ± 
8 kg) were included. Animals were fed daily with meadow hay (2 kg/ 100 kg BW). In a cross-
over design, animals were supplemented for 21 days with 10 g of a GCE (20% total polyphenol 
content) according to manufacturer’s instructions or a placebo (calcium carbonate) in a mixture 
with 1 kg (horses) or 0.2 kg (ponies) of a commercial feed for horses. After supplementation 
for 21 days, all animals underwent an intravenous LPS (10 ng/kg BW) challenge to induce a 
moderate systemic inflammation. 24 hours before and 12 hours after the LPS challenge, blood 
and liver samples were collected. Liver tissue was taken transcutaneously under ultrasound 
control. Subsequently, a 3-months-lasting wash-out period was conducted where the animals 
were fed with meadow hay ad libitum. A change of feeding groups according to the cross-over 
design was performed. A second LPS challenge and sample collection were performed 
Summary 
 
55 
 
according to the above-mentioned protocol. All blood samples were analysed for serum 
amyloid A (SAA), haptoglobin (Hp) and Retinol-binding protein 4 (RBP4). RT-qPCR was used 
to analyse liver mRNA levels of selected markers of inflammation (Hp, TNF-α, IL-1β, IL-6, 
CD68, FGF21, NF-kB, ATF4). In addition, liver tissue was histologically examined for 
inflammatory responses. All data except for immunohistochemical results were statistically 
assessed with a commercial software package (Statistica). Data were checked for normal 
distribution using the Shapiro-Wilks test. As data set was not normally distributed the Wilcoxon 
test for non-parametric data was used for analyses. Level of significance was set at P < 0.05. 
Data are presented as median and 25./75. percentile. 
Results: All SAA values before LPS were ≤ 2.6 mg/L. After LPS challenge, all SAA values 
were significantly higher compared to baseline (data expressed as medians and 25./75. 
Percentile in brackets, placebo group: 98.4 (70.2/118) μg/mL, time P = 0.008; GCE group: 70.7 
(46.8/111) μg/mL, time P = 0.003). GCE group showed a significant increase for serum Hp 
after LPS challenge (time P = 0.005). Other significant differences in blood parameters 
comparing placebo and GCE group after LPS could not be found. In the liver, the pro-
inflammatory cytokine IL-1β showed a 2.6-fold lower mRNA level after LPS challenge in the 
GCE group compared to placebo group (supplementation P = 0.04). Hepatic mRNA levels of 
CD68 (time P = 0.04) and Hp (time P = 0.03) increased significantly in the placebo group, but 
not in the GCE supplementation group. A significant difference between the two feedings 
groups after LPS could not be found. Other liver parameters, such as transcription factor NF-
κB and the cytokines IL-6 and TNF-α, were not different after LPS challenge in both feeding 
groups. Immunohistochemical results showed no difference between GCE and placebo group 
after LPS challenge. 
Conclusion: The LPS challenge induced inflammation in the horses and ponies. Feeding a GCE 
for 21 days showed some potential to alter LPS-induced systemic inflammatory responses by 
reducing mRNA levels of the inflammatory marker IL-1β in liver tissue. Nevertheless, an 
overall anti-inflammatory effect by GCE was missing, since other blood and liver parameters 
were not affected by the GCE supplementation.  
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